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InfertilityAbstract The way the dynamics of DNA fragmentation affects the growth of embryos in real time,
and effectiveness of infertility treatment using the ICSI procedure were determined in 148 couples
treated with the ICSI technique. The percentage of sperm with fragmented DNA (known as the
DNA fragmentation index [DFI]) in semen samples was determined at 3, 6 and 12 h. Embryo cul-
ture was assessed continuously during 12 h of observation monitoring.
Statistically signiﬁcant difference was found in DFI at 12 h and outcome of treatment. For the
remaining time intervals, no statistically signiﬁcant differences were noted. An analysis of relation-
ship between the DFI dynamics over time at individual measurements and achievement of preg-
nancy, conﬁrmed a statistically signiﬁcant relationship between the rate measured at 6–12 h of
observations of DFI changes (DFI 12 h%/h), and achieving pregnancy. Correlation was observed
between DFI (during 0, 3, 6 and 12 h), the growth rate in DFI, and time of embryo development. A
statistically signiﬁcant relationship was found between the rate from the start to the end of obser-
vations of the DFI, and outcome of treatment.
Intensity level regarding fragmentation of sperm DNA and its growth rate affected the time of
embryo development in the ICSI procedure. The most signiﬁcant prognostic factor for achieving
pregnancy was intensiﬁcation of sperm DNA fragmentation after 12 h.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Obtaining pregnancy in the treatment procedure in vitro
depends mainly on the quality of the embryo and oocyte.
The reproductive potential of the sperm is conditioned not
only by its morphologically normal structure and motility,
but also sperm chromatin lesions to which belongs, among
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known from the literature that the spermatozoon, even
with considerably intensiﬁed DNA fragmentation, is able to
fertilize an oocyte (Erenpreiss et al., 2006). The oocyte also
possesses the ability to repair abnormal DNA; however, this
depends on the type of damage, as well as the quality of
the oocyte.
Sperm DNA fragmentation is not a static phenomenon, it is
intensiﬁed in time and to various degrees, varies between
individuals, and according to the external factors exerting an
effect on sperm, related primarily with oxidative stress. The
dynamics of DNA fragmentation may depend on the method
of sperm preparation prior to its use for assisted reproductive
technology (ART). The ultimate degree of DNA fragmenta-
tion also depends on the time elapsed from the collection of
sperm until the use of a spermatozoon for ART procedures
(Gosa´lvez et al., 2011b; Perrault et al., 2003; Evenson and
Wixon, 2005; Garcı´a-Contreras et al., 2011; Tremellen, 2008).
Therefore, it may be presumed that the quality of genetic
material in sperm, which depends, among other things, on
the level of intensity of nuclear DNA fragmentation, will exert
a direct effect on the development of the embryo obtained as a
result of the intracytoplasmic sperm injection (ICSI) proce-
dure. For a long time, the quality of an embryo has been eval-
uated based on only morphological criteria, which seem to be
insufﬁcient to prognosticate the possibilities of achieving preg-
nancy after its transfer (Guerif et al., 2010; Arav et al., 2008).
An alternative to morphological evaluation of an embryo is
the observation of its development in real time due to the tech-
nology consisting in placing a camera inside the incubator
(Arav et al., 2008; Cruz et al., 2011; Pribenszky et al., 2010;
Wale and Gardner, 2010).
The objective of the presented study is to determine in what
way the dynamics of DNA fragmentation affects the growth of
embryos in real time, and the effectiveness of infertility treat-
ment using the ICSI procedure.2. Materials and methods
The study was conducted in 2012 and 2013, in the Non-Public
Health Care Unit ‘Ovum Reproduction and Andrology’ in
Lublin, and covered 148 couples treated due to infertility by
the ICSI technique. The sperm DNA fragmentation index
(DFI) was examined on the day of microinjection, as well as
the dynamics of fragmentation (DFI-h), and retrospectively,
the outcomes of treatment of the couples were evaluated: tim-
ing of embryo development and achievement of clinical
pregnancy.
Female inclusion criteria were: age 25–35 years, FSH
(follicle-stimulating hormone) <10 IU/ml and AMH (Anti-
Mu¨lerian Hormone) >1.5 ng/mL. Female exclusion criteria
were: BMI (body mass index) <17 and >30, metabolic dis-
eases. Male inclusion criteria were: age 25–35 years, treatment
for infertility >1 year (couples had 4–6 prior intrauterine
inseminations performed, males used dietary supplements in
order to improve sperm parameters). Duration of the period
preceding the treatment procedure was 1–4 years. Exclusion
criteria for males were: severe asthenoteratozoospermia, symp-
toms of systemic diseases, inﬂammatory state of the reproduc-
tive organ, smoking BMI (Body Mass Index) <17 or >30,
pre- and post-natal developmental disorders in reproductiveorgans, varices of the spermatic cord, taking medicines that
may affect the quality and density of sperm up to 3 months
prior to the study.
All patients signed a written consent to participate in the
study. The study was approved by the Bioethics Commission.
In all patients, treatment with the ICSI procedure was
applied using fresh oocytes and spermatozoa (sperm den-
sityP 1 million/ml). Sperm was obtained by masturbation
three hours before microinjection and was examined directly
after liquidation according to WHO criteria. Before the exam-
ination, males abstained from sex and alcohol for 3–4 days. In
order to determine the percentage of sperm cells with frag-
mented DNA, the sperm chromatin dispersion test (SCD)
was used, according to the instruction supplied with the kit
(Dyn-Halosperm kit, Halotech DNA SL, Madrid, Spain)
(Ferna´ndez et al., 2005).The examination resulted in obtaining
the sperm DFI – the percentage of sperm with DNA fragmen-
tation. DFI was determined in sperm samples directly after liq-
uidation (DFI 0 h), and subsequently after 3 h (DFI 3 h), 6 h
(DFI 6 h), and 12 h (DFI 12 h) incubation in an automated
incubator with 5% CO2 at a temperature of 37 C. On this
basis, the dynamics over time between individual measure-
ments was calculated (in percentages per hour).
DFI (3 h%/h) – is the % DFI per hour during the ﬁrst 3 h,
DFI (6 h%/h) – is% DFI per hour during the subsequent 3 h,
and so on at individual intervals. Also, the rate of DFI increase
was determined over the entire examination time from 0 to
12 h – DFI (%/h).
Ovarian stimulation was performed by the administration
of gonadotropin-releasing hormone (GnRh) analog
(Diphereline: Ipsen Pharma), followed by recombinant FSH
(Gonal-F: Merck-Serono, Puregon: Organon) from cycle day
3 in a short protocol. The aspiration of oocytes was performed
36 h after the administration of recombinant HCG (r-hCG)
(Ovitrelle: Merc-Serono).
After aspiration oocytes were placed in Fertilization med-
ium (COOK, Sydney IVF, Australia) under mineral oil and
after retrieval up to six oocytes (in accordance with Polish
law) were subjected to ICSI procedure.
Oocytes were denuded from the granular layer and ICSI
was performed 3 h after follicular puncture; fertilized cells were
cultured in 25 ll drops of Cleavage medium (COOK, Sydney
IVF, Australia) under mineral oil until day 2 (2–5 cell stage)
in an automated incubator with 5% CO2 at 37 C ﬁtted with
time-lapse image acquisition (Time-lapse, Primo Vision EVO
Microscope, Cryo-Innovation, Hungary). Fifty hours after
ICSI, the culture media were changed to Blastocyst medium
(COOK, Sydney IVF, Australia).
The growth of embryos was evaluated by monitoring at 10-
min intervals using a camera placed inside the incubator.
During the observation the embryos were not taken out of
the incubator. Between image acquisitions the monitoring sys-
tem was turned off to avoid exposure to electromagnetic
radiation.
The 0 time was deﬁned as the time of ICSI; the tF was
deﬁned as the time of the ﬁrst frame in which the pronuclei
were observed, while the tC as the time of the frame with the
last observation. The stage of unicellular embryo after syn-
gamy was deﬁned as t1, and the subsequent stages were
marked as t2, t3, t4, t5, t6, t7, t8. The time to the onset of for-
mation of morula was deﬁned as tM, while tB was the time in
which a crescent-shaped area began to emerge from the
600 A. Wdowiak, I. Bojarmorula. The blastocysts were evaluated according to the crite-
ria by the ASRM and ESHRE, and one of them was trans-
ferred to avoid multiple pregnancy.
At week 7 of pregnancy, embryonic echo and cardiac
activity were assessed by ultrasound. The patients were
divided into 2 groups: A – patients with pregnancy conﬁrmed
by ultrasonography (USG) at week 7, and B – patients in
whom pregnancy was not achieved. In the group where the
reproductive success was achieved 221 oocytes were subjected
to the ICSI procedure and 88 embryos achieved the blastocyst
stage, whereas in patients who were not pregnant out of 320
oocytes, subjected to ICSI, 110 attained the blastocyst stage.
One embryo, which achieved the blastocyst stage at the
earliest time, was transferred. The patients consciously
decided about the transfer of singular blastocyst due to their
partaking in the study. Blastocysts that were not transferred
have been frozen.
In the presented study, the relationship is described between
changes in the DFI at individual time intervals and the rate of
DFI dynamics in time frames between individual measure-
ments (in percentage per hour), and the outcome of treatment
in the form of achieving pregnancy.
The results obtained were subjected to statistical analysis.
The values of the parameters analyzed were presented as a
mean value, minimum and maximum values, and standard
deviation. The normality of distribution of variables in the
groups examined was evaluated using the Shapiro–Wilk test.
Differences between groups were investigated by nonparamet-
ric Manna–Whitney U test. The relationship between DFI
parameters and individual times were tested by means of r–
Pearson correlation. In order to determine the relationship
between the achievement of pregnancy and intensiﬁcation of
DFI, the dynamics of DFI in individual time frames, and all
times of embryo development, logistic regression analysis
was applied. p< 0.05 was considered statistically signiﬁcant.
Statistical analysis was performed using Statistica 9.1 software
(StatSoft, Poland).Figure 1 DFI after 12 h in groups with and withou3. Results
In both groups in the study, an intensiﬁcation of DNA frag-
mentation was observed advancing over the time-lapse of incu-
bation. This phenomenon had greater dynamics at the
beginning of observations, i.e. within the ﬁrst 3 h, while subse-
quently the rate of this process decreased.
In the group where the reproductive success was achieved at
the beginning of observations the mean DFI value was 14.5,
whereas in patients who did not achieve pregnancy – 16.32.
Subsequent DFI measurements were recorded at 3, 6 and
12 h, and in the group with pregnancy achieved an increase
in DFI up to the value 42.93, then to 51.96, and ﬁnally to
64.98. While observing this phenomenon in the group of
patients who were not successful in reproduction higher values
were noted in analogous time frames, i.e. 43.72, followed by
52.73, and ultimately 72.65. While comparing DFI values in
individual measurement times between the groups of patients
who achieved pregnancy and those who did not, a statistically
signiﬁcant difference between groups was found in the DFI
value after 12 h (Z= 3.499, p= 0.0005; Z – Mann
Whitney’s test result; p – statistical signiﬁcance), while with
respect to the remaining values no statistically signiﬁcant dif-
ferences were noted (Fig. 1).
Based on the DFI values obtained in individual measure-
ment times, the growth rate of the fragmentation phenomenon
was calculated in percentages per hour. Initially, within the
ﬁrst 3 h, this rate was 14.31%/h in the group of patients with
pregnancy, and 14.57%/h in the remainder. In the subsequent
time frame, the dynamics of the phenomenon decreased down
to 3.01%/h, and ﬁnally to 2.17%/h in the group with achieved
pregnancy. The rate calculated in analogous times in the group
with no reproductive success was 3.00%/h, respectively, and
3.32%/h, ﬁnally.
While comparing the dynamics of intensiﬁcation of DNA
fragmentation between the groups examined, statisticallyt achieved pregnancy, Z= 3.499, p= 0.0005.
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study according to the rates registered at 6 and 12 h,
(Z= 3.844, p= 0.0001), and between 0 and 12 h
(Z= 2.959, p= 0.003). In the case of the remaining
measurements, no statistically signiﬁcant differences were
conﬁrmed (Fig. 2).
During the observation of embryos, the times of their
growth were measured until the obtaining of individual devel-
opmental stages, and a statistically signiﬁcant difference was
found between groups according to the value of time which
elapsed from microinjection to the obtaining of the stage of
four-cell embryo – t4 (Z= 2.518, p= 0.012). In the group
of patients who had a reproductive success the embryos
achieved this developmental stage more quickly than in theFigure 2 Rate of DFI growth rate in individual measurement tim
pregnancy did not occur.
Figure 3 Dynamics of development of an embryo at individual mea
where pregnancy did not occur.group without pregnancy. The comparison of times within
which the embryos achieved other developmental stages did
not conﬁrm any statistically signiﬁcant differences between
the groups examined (Fig. 3).
While analyzing the effect of intensiﬁcation of sperm DNA
fragmentation on the dynamics of embryos development in
patients in individual groups, the presence of statistically sig-
niﬁcant positive correlation was observed between the initial
DFI value, and the times of embryo growth from the moment
of occurrence of the pronuclei to the ﬁve-cell stage. Low values
of the initial DFI of spermatozoa used for the ICSI were also
related with an acceleration of obtaining the blastocyst stage
by the embryo. In the case of DFI examined after 3 h of sperm
incubation, in both groups, a positive correlation wases (xh%/h) in groups where pregnancy was achieved and where
surement times (t) in groups where pregnancy was achieved and
602 A. Wdowiak, I. Bojarconﬁrmed with the time of disappearance of the pronuclei and
2-cell stage of the embryo, and in the group with achieved
pregnancy, also with 5- and 6-cell embryo. DNA fragmenta-
tion which occurred after 12 h was positively correlated only
with the growth time of embryos from the moment of disap-
pearance of the pronuclei until the obtaining of division into
3 cells, and also with the t5 in the group with achieved preg-
nancy, while in the remaining patients no signiﬁcant relation-
ships were observed (Table 1).
While analyzing the effect of the dynamics of DNA frag-
mentation on the rate of embryos development in both groups,
it was noted that the rate of DFI growth within the ﬁrst 3 h
negatively correlated with the time when the pronuclei disap-
pear and 2-cell stage, and with t5 and t6 times in the group
with achieved pregnancy. The dynamics of DNA fragmenta-
tion between 3 and 6 h incubation did not affect the achieve-
ment of developmental stages by embryos in women with
achieved pregnancy, whereas in the remainder a negative cor-
relation was observed only with the times tc and t1. The rate of
fragmentation noted after 6 h in each group was positively cor-
related with the times of embryo development from the stage
of disappearance of pronuclei to the blastocyst time, and in
the group with achieved pregnancy, also with the times of
achieving subsequent stages to the 3-cell stage.Table 1 Relationship between the DFI (DNA fragmentation inde
development in groups with and without achieved pregnancy.
Time Patients with achieved pregnancy
DFI (0 h) DFI (3 h) DFI (6 h) DFI (1
tF r 0.333 0.009 0.069 0.008
p 0.014 0.958 0.621 0.954
tC r 0.488 0.349 0.263 0.383
p 0.000 0.010 0.054 0.004
t1 r 0.527 0.257 0.211 0.357
p 0.000 0.061 0.126 0.008
t2 r 0.606 0.292 0.202 0.336
p 0.000 0.032 0.144 0.013
t3 r 0.470 0.169 0.128 0.281
p 0.000 0.223 0.356 0.040
t4 r 0.599 0.179 0.210 0.223
p 0.000 0.195 0.127 0.105
t5 r 0.299 0.337 0.239 0.334
p 0.028 0.013 0.082 0.014
t6 r 0.100 0.294 0.037 0.063
p 0.471 0.031 0.791 0.653
t7 r 0.026 0.064 0.095 0.052
p 0.849 0.648 0.497 0.710
t8 r 0.008 0.040 0.107 0.074
p 0.952 0.772 0.441 0.596
t9 r 0.078 0.036 0.186 0.077
p 0.576 0.795 0.177 0.579
tM r 0.098 0.113 0.053 0.094
p 0.481 0.416 0.702 0.501
tB r 0.511 0.069 0.092 0.188
p 0.000 0.618 0.508 0.173
*Statistically signiﬁcant correlations written in bold letters.
p – statistical signiﬁcance; r – correlation rate; tF – time of the ﬁrst frame i
observation of both pronuclei; t1 – time for the corresponding number of
the corresponding number of 3 cells; t4 – time for the corresponding num
time for the corresponding number of 6 cells; t7 – time for the correspondin
t9 – time for the corresponding number of 9 cells; tM – the ﬁrst frame in
frame in which a crescent-shaped area began to emerge from the morulaAnalysis of the total rate of DFI growth from the begin-
ning of measurement until 12 h incubation (DFI%/h) showed
lack of its correlation with the times of development of
embryonic stages in women with achieved pregnancy, while
in the group with no reproductive success, a statistically
signiﬁcant positive correlation was found between DFI%/h
and the dynamics of embryonic development from the stage
of emergence of pronuclei to the obtaining of 5 blastomeres,
as well as with the time of achieving the stage of a blastocyst
(Table 2).
In order to discover whether the achievement of the goal
which is the obtaining of pregnancy is affected jointly by all
the variables analyzed, the logistic regression model was
applied. The dependent variable was the probability of achiev-
ing pregnancy, and the independent variables tested were the
intensity of DFI, and dynamics of DFI in individual time
intervals and all times of embryo development. Ultimately,
only one variable was left in the model – intensity of DNA
fragmentation after 12 h as the only one statistically
signiﬁcant.
Results of the analysis showed that together with an
increase in the value of the variable DFI 12 h by one
unit, the chance of conception is lower by 5.95%
(Table 3).x) parameter (at times 0, 3, 6 and 12 h), and times of embryo
Patients without achieved pregnancy
2 h) DFI (0 h) DFI (3 h) DFI (6 h) DFI (12 h)
0.495 0.004 0.012 0.180
0.000 0.966 0.910 0.083
0.437 0.303 0.008 0.064
0.000 0.003 0.942 0.541
0.607 0.062 0.175 0.038
0.000 0.553 0.092 0.715
0.625 0.251 0.110 0.125
0.000 0.015 0.291 0.230
0.391 0.103 0.107 0.016
0.000 0.322 0.305 0.879
0.632 0.175 0.014 0.039
0.000 0.092 0.895 0.711
0.255 0.056 0.040 0.057
0.013 0.591 0.701 0.583
0.016 0.086 0.101 0.044
0.875 0.409 0.332 0.673
0.075 0.050 0.040 0.061
0.469 0.633 0.702 0.559
0.071 0.154 0.210 0.083
0.496 0.139 0.042 0.426
0.107 0.114 0.105 0.071
0.304 0.273 0.315 0.496
0.130 0.059 0.042 0.011
0.212 0.574 0.691 0.915
0.508 0.143 0.072 0.104
0.000 0.171 0.490 0.318
n which both pronuclei could be observed; tC – the frame with the last
1 cell; t2 – time for the corresponding number of 2 cells; t3 – time for
ber of 4 cells; t5 – time for the corresponding number of 5 cells; t6 –
g number of 7 cells; t8 – time for the corresponding number of 8 cells;
which the embryos were compacting into the morula stage; tB – the
.
Table 2 Relationship between DFI (DNA fragmentation index) growth rate (3 h%/h, 6 h%/h, 12 h%/h and %/h) and times of
embryo development in groups of patients with and without achieved pregnancy.
Time Patients with achieved pregnancy Patients without achieved pregnancy
DFI (3 h%/h) DFI (6 h%/h) DFI (12 h%/h) DFI (%/h) DFI (3 h%/h) DFI (6 h%/h) DFI (12 h%/h) DFI (%/h)
tF r 0.0074 0.0656 0.0437 0.1860 0.0044 0.0082 0.1777 0.1787
p 0.958 0.637 0.754 0.178 0.966 0.937 0.087 0.085
tC r 0.3498 0.0053 0.3095 0.1686 0.3033 0.2453 0.0548 0.2391
p 0.010 0.970 0.023 0.223 0.003 0.017 0.600 0.020
t1 r 0.2570 0.0219 0.3165 0.1191 0.0619 0.2273 0.1581 0.3753
p 0.061 0.875 0.020 0.391 0.553 0.028 0.128 0.000
t2 r 0.2922 0.0146 0.2955 0.0536 0.2514 0.0991 0.0409 0.3128
p 0.032 0.917 0.030 0.701 0.015 0.342 0.696 0.002
t3 r 0.1686 0.0036 0.2788 0.0638 0.1033 0.1937 0.0898 0.2492
p 0.223 0.979 0.041 0.647 0.322 0.061 0.390 0.015
t4 r 0.1791 0.0805 0.1350 0.0700 0.1749 0.1598 0.0269 0.4578
p 0.195 0.563 0.331 0.615 0.092 0.124 0.797 0.000
t5 r 0.3367 0.0104 0.2625 0.2138 0.0561 0.0065 0.0260 0.2209
p 0.013 0.941 0.055 0.121 0.591 0.951 0.803 0.032
t6 r 0.2945 0.1867 0.0555 0.0167 0.0861 0.0299 0.0292 0.0267
p 0.031 0.176 0.690 0.905 0.409 0.775 0.780 0.798
t7 r 0.0636 0.1464 0.0049 0.0720 0.0499 0.0818 0.0295 0.0015
p 0.648 0.291 0.972 0.605 0.633 0.433 0.778 0.988
t8 r 0.0404 0.1417 0.0149 0.0870 0.1538 0.0826 0.2250 0.1191
p 0.772 0.307 0.915 0.532 0.139 0.428 0.029 0.253
t9 r 0.0362 0.2207 0.0436 0.0449 0.1142 0.0100 0.0063 0.0110
p 0.795 0.109 0.754 0.747 0.273 0.923 0.952 0.916
tM r 0.1129 0.1415 0.1691 0.0525 0.0587 0.0907 0.0185 0.0968
p 0.416 0.308 0.221 0.706 0.574 0.385 0.859 0.353
tB r 0.0695 0.1484 0.1816 0.0618 0.1425 0.0465 0.0477 0.2521
p 0.618 0.284 0.189 0.657 0.171 0.656 0.648 0.014
*Statistically signiﬁcant correlations written in bold letters.
p – statistical signiﬁcance; r – correlation rate; tF – time of the ﬁrst frame in which both pronuclei could be observed; tC – the frame with the last
observation of both pronuclei; t1 – time for the corresponding number of 1 cell; t2 – time for the corresponding number of 2 cells; t3 – time for
the corresponding number of 3 cells; t4 – time for the corresponding number of 4 cells; t5 – time for the corresponding number of 5 cells; t6 –
time for the corresponding number of 6 cells; t7 – time for the corresponding number of 7 cells; t8 – time for the corresponding number of 8 cells;
t9 – time for the corresponding number of 9 cells; tM – the ﬁrst frame in which the embryos were compacting into the morula stage; tB – the
frame in which a crescent-shaped area began to emerge from the morula.
Table 3 Parameters of logistic regression model.
Chi2 = 15.651; p= 0.00008
DFI (12 h)
Logistic regression model coeﬃcient 0.0613
p level 0.0002
Odds ratio 0.9405
[95% conﬁdence interval] [0.9107; 0.9713]
DFI – DNA fragmentation index; p – statistical signiﬁcance.
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Based on the results of the study it was conﬁrmed that in the
case of sperm chromatin lesion the most important prognostic
factor in the achievement of pregnancy in the ICSI procedure
is the intensity of sperm DNA fragmentation after 12 h. In
international literature, there are many reports concerning dis-
orders in the integrity of sperm DNA chromatin on the effec-
tiveness of infertility treatment by the methods of assisted
reproductive technology, which are frequently unequivocal.Gosa´lvez et al. (2011b) examined fresh and frozen-thawed
sperm from 5 donors with conﬁrmed fertility. In their study,
the researchers measured the rate of DFI increase within the
ﬁrst 6 h of incubation, and obtained the value of 1.6% per
hour for fresh sperm, and 4.3% per hour for thawed sperm.
In the presented study, 8.66%/h of fragmentation increase,
on average, was obtained within the ﬁrst 6 h of incubation in
the group with reproductive success, and 8.78%/h in the
remainder. These discrepancies may result from the fact that
in this study participated patients treated due to infertility,
while Gosa´lvez et al. (2011b) examined individuals possessing
offspring. In other studies, Gosa´lvez et al. (2011a) conﬁrmed
an increased rate of DNA fragmentation in the group of 10
infertile males, compared to sperm donors with conﬁrmed fer-
tility. The mean rate of DFI increase among males treated for
infertility was 10.13% per hour within 4 h, this result being
close to the result obtained in the presented study (Gosa´lvez
et al., 2011a).
The reasons for which the dynamics of DNA fragmentation
does not differ individually have not been fully explained.
Garcı´a-Peiro´ et al. (2011) showed that the factor which accel-
erates an increase in DFI rate is the presence of varices of the
spermatic cord, and explained it by the concept of oxidative
604 A. Wdowiak, I. Bojarstress accompanying this disease. Other studies carried out by
Santiso et al. (2012) also seem to conﬁrm the effect of oxidative
stress on the generation of changes in DFI over time. These
researchers investigated the effects of agents that cause genetic
damage (ionizing radiation; elevated temperature; acidic pH
and the nitric oxide (NO) donor sodium nitroprusside
[SNP]). All agents, with the exception of ionizing radiation,
accelerated DNA fragmentation kinetics following chronic
exposure. Transient exposure to NO and heat, but not acidic
pH, increased the basal level of DFI. Despite the removal of
the 3 toxicants, the remaining sperm, following acute exposure,
showed a decrease in their expected DNA longevity. The
researchers explained the effect of hyperthermia, the nitric
oxide donor sodium nitroprusside on increased DNA fragmen-
tation by the concept of oxidative stress (Santiso et al., 2012).
Other studies evaluating therapy of male infertility with
anti-oxidants, conducted by Abad et al. (2013) among 20
patients, also drew attention to the importance of oxidative
stress on the generation of sperm DNA lesions. The studies
indicated a relationship similar to that observed in the pre-
sented study, between the dynamics of DNA fragmentation
and the number of achieved pregnancies during infertility
treatment.
Factors responsible for the damage of sperm DNA may
exert an effect not only on chromatin, but most probably also
contribute to the decrease in the semen parameters evaluated
by microscopic analysis. The signiﬁcant relationship between
the effectiveness of IVF procedure and sperm quality was con-
ﬁrmed in the studies by Jezdrzejczak et al. (2004). This indi-
rectly conﬁrms the results of the presented study, because an
intensiﬁed DNA fragmentation is correlated with abnormal
sperm parameters, as conﬁrmed by the studies by Fei et al.
(2013). Dobrzyn´ska et al. (2010) also noted the relationship
between the intensiﬁcation of DNA fragmentation and
reduced percentage of sperm with progressive motility.
Studies conducted by Pregl et al. (2013) showed a negative
correlation between the intensiﬁcation of DNA fragmentation
and the achievement of pregnancy and the quality of embryos
in the conventional IVF. Similar results were obtained by Jiang
et al. who analyzed in their studies the effect of DFI on the per-
centage of biochemical pregnancies achieved in the ICSI proce-
dure (Jiang et al., 2011). In turn, Sadeghi et al. (2011) did not
ﬁnd any relationship between the intensiﬁcation of sperm
DNA fragmentation and the effectiveness of IVF. Rougier
et al. (2013) observed that the method of sperm preparation
before ICSI has an effect on the dynamics of DNA fragmenta-
tion, which may explain the discrepancies obtained by the
researchers.
In their studies, Gawecka et al. (2013) induced chromatin
damage in mouse sperm, and subsequently used them for the
ICSI procedure. They observed the prolongation of the initial
stages of embryo development together with an increase in the
intensiﬁcation of sperm DNA fragmentation, which is consis-
tent with the results of the presented study. They discovered
an interesting fact, that in the case of injection of sperm with
considerable chromatin damage, a delay is noted in the devel-
opment of paternal prenuclei, compared to maternal prenuclei,
which could suggest the prolongation of the period of DNA
repair in the oocyte. Thus, while analyzing the results by
Gawecka et al. (2013) it may be expected that the time of
sperm DNA repair may vary and depends on its intensity,which may explain the effect of the dynamics of fragmentation
on the times of embryo development observed in this study.
Similar conclusions concerning the effect of sperm chro-
matin lesions were drawn by Simon et al. (2014) who examined
215 men from infertile couples undergoing assisted reproduc-
tion techniques, and discovered that increased sperm DNA
damage adversely affects embryo quality starting at day 2 of
early embryonic development, and continuing after embryo
transfer, resulting in reduced implantation rates and pregnancy
outcomes. The paternal effect of sperm DNA damage was
observed at each stage of early embryonic development. In
their study, the paternal inﬂuence of damaged chromatin was
more prominent after zygotic transcriptional activation. The
prolonged paternal effect on the developing embryo may be
due to the active repair mechanism present in oocytes that
tends to overcome the damaged paternal chromatin. The prob-
ability of eliminating an embryo fertilized by a sperm with
damaged DNA is higher at the blastocyst stage than the cleav-
age stage; therefore, blastocyst transfer could be recommended
for better implantation success. Finally, they recommend ICSI
treatment for patients with a higher percentage of sperm with
DNA damage (Simon et al., 2014).
It may be presumed that the progressing phenomenon of
chromatin fragmentation is conditioned with the processes
which have not yet been investigated, and are probably related
with a disturbance in the balance of the oxidoreductive system.
Probably, this phenomenon does not exclusively concern the
sole fragmentation, but perhaps other DNA damage. It is
known that some processes leading to damage of the genetic
material, such as methylation, are also of a dynamic character.
Shortly after penetration of the oocyte, sperm DNA is actively
demethylated, which is required for totipotent zygotic develop-
ment. Aberrant DNA methylation is thought to be associated
with altered chromatin condensation of spermatozoa. This is
conﬁrmed by the studies conducted on an animal model by
Rahman et al. (2014). The objective of their study was to inves-
tigate the dynamics of DNA methylation reprogramming in
the paternal pronucleus, and subsequent fertilization potential
of heat-stressed bull spermatozoa having altered chromatin
condensation. Hence, bovine zygotes (n= 1239) were col-
lected at 12, 18 and 24 h post insemination (hpi) and stained
with an antibody against 5-methylcytosine. Fluorescence
intensities of paternal and maternal pronuclei were measured
by ImageJ. DNA methylation patterns in paternal pronuclei
derived from heat-stressed spermatozoa did not differ between
time points, whereas control zygotes clearly showed demethy-
lation and de novo methylation at 18 and 24 hpi, respectively.
Moreover, heat-stressed spermatozoa showed a highly reduced
fertilization rate compared with non-heat-stressed or normal
control spermatozoa. Their data showed that the normal pat-
tern of active DNA demethylation, followed by de novo
methylation in the paternal pronucleus, was perturbed when
oocytes were fertilized with heat-stressed spermatozoa, which
might be responsible for decreased fertilization potential.
The presented study is probably the ﬁrst to evaluate the
effect of the dynamics of DNA fragmentation on the develop-
ment of human embryos in real time, and the effectiveness of
the ICSI procedure in humans. The phenomenon of increased
sperm DNA fragmentation over time should incline the team
supervising the performance of the ICSI procedure toward
striving in their daily practice for possibly the closest moment
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techniques. In the presented study, the sperm was collected 3 h
before microinjection, with a 3–4 day sexual and alcohol absti-
nence; however, in daily practice, the time interval between
sperm collection and its preparation before fertilization may
differ, according to individual situations. It is known that
sperm donation takes the patient various amounts of time,
while microinjection must be performed at a precisely speciﬁed
moment. Thus, the ﬁnal determination of DNA fragmentation
will be affected by: the patient’s sexual abstinence, method of
sperm preparation, and time which elapsed between sperm
donation and its use for ART.
The presented study is an attempt to emphasize the impor-
tance of the dynamics of DNA fragmentation in human repro-
ductive processes, and will certainly require continuation in the
future.
5. Conclusions
1. Dynamics of embryo development until the moment of
obtaining 5-cell stage, as well as the time of emergence of
a blastocyst, depends on the initial sperm DNA
fragmentation.
2. Intensiﬁcation of sperm DNA fragmentation within the
ﬁrst 3 h affects the rate of embryo development to the 2-
cell stage.
3. The most important prognostic factor in the achievement of
pregnancy is intensiﬁcation of sperm DNA fragmentation
after 12 h.
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